Western blot analysis of the proteins in the serial secfrom rod outer segments to other cellular comparttions. We applied this technique to analyze the distribuments on the time scale of tens of minutes. The reduction of transducin amongst the subcellular comparttion in the transducin content of the rod outer segments of rods from rats exposed to illumination of ments is accompanied by a corresponding reduction various intensities and confirmed that light causes a in the amplification of the rod photoresponse, allowing massive light-dependent translocation of transducin berods to operate in illumination up to 10-fold higher tween outer and inner segments of rods. We then than would otherwise be possible.
Introduction

Results
The vertebrate retina exhibits a remarkable ability to adapt to changes in the intensity of ambient illumination, We first replicated the immunohistochemical results allowing vision to function effectively over the more than (Brann and Cohen, 1987 ; Philp et al., 1987; Whelan and ten orders of magnitude encountered during the normal McGinnis, 1988 ) that were argued to support the case diurnal cycle (Rodieck, 1998) . Vision over this enormous that transducin moves from the outer to the inner segrange of intensities is partitioned between two photorement when dark-adapted rodents are exposed to strong ceptor types, rods and cones. A variety of molecular illumination (Figure 1 ). However, Roof and Heth (1988) mechanisms have been discovered and quantified over provided extensive evidence that such immunolocalizathe past two decades that enable both photoreceptor tion data may be compromised by an artifact based types to escape saturation as the illumination level inon light-dependent masking of the antibody-recognition creases and, thus, to function over a greater intensity epitopes on transducin. Roof and Heth also argued that range than would otherwise be possible ( ducin movement is explained in Figure 2 . Retinas of tor cell is well-defined. Three markers were used ( Figure  2B ): (1) rhodopsin, located predominantly in the rod outer segment; (2) cytochrome C, confined to mitochondria, which are located in the ellipsoid region of the inner segment and the area near the synaptic terminus; and (3) synaptophysin, located in the presynaptic membrane vesicles. From comparison of the markers' distributions among the sections with the known morphology of rat rods (illustrated schematically in Figure 2C ), it can be seen that the method provides a generally accurate representation of the subcellular location of these proteins in the rods. Some overlap of proteins confined to separate compartments results from imperfect alignment of the layers in the frozen tissue and also from minor misalignment of the sample with respect to the plane of the cryotome knife. Nonetheless, the degree of this overlap does not compromise protein assignments to specific rod compartments. adapted animals, the distribution of both ␣ and ␤ subunits of transducin (G␣ t and G␤ t , respectively) closely matches the distribution of rhodopsin, consistent with dark-or light-adapted animals were rapidly extracted, flat mounted, and frozen without perturbing their morthe localization in the outer segment seen in immunohistochemistry ( Figure 1 ). In contrast, the distribution of phology and then serially sectioned so that each section yielded one progressive tangential slice of the photorethe major fractions of both transducin subunits in lightadapted animals matches most closely the profile of ceptor layer (Figure 2A) Densitometric analysis of the protein bands in Western blots was used to quantify the amount of transducin Cohen, 1986). Our contribution has been to adopt the serial cryosection technique for the investigation of propresent in the rod outer segment under various conditions. We measured the density distributions (Figure 3 ) tein distributions in the retina.
The spatial resolution of the technique is critical to its over the serial sections of four proteins: rhodopsin, cytochrome C, G␣ t , and G␤ t ; the latter was confirmed by coutility. It was assessed by analyzing the distribution of protein markers whose location within the photorecepimmunoprecipitation to remain in a complex with the transducin ␥ subunit in all experiments reported here. total. The G␤ t content in the outer segments of the same animals was 82% Ϯ 10% (range 72%-91%). PercentThe density distributions over the retinal receptor layer were determined as follows. First, we identified those ages of G␣ t and G␤ t in the dark-adapted outer segment lower than 100% could arise either because the amount rhodopsin-containing sections that were free of inner segment contaminations, judged by the absence of cyof transducin at the tip of the outer segment is slightly lower than at the base or because a small fraction of tochrome C (such as sections one through five in Figure  3A) . We conducted further analysis only in the preparatransducin remains in the inner segment even after prolonged dark adaptation, as immunohistochemical data tions where at least one of the two following conditions was met: either the number of rhodopsin-stained lanes from Figure 1 suggest. We applied the same analysis to the data of lightthat had no measurable cytochrome C staining was at least four, or the number of such lanes was three, but adapted rats and found a massive redistribution of transducin. Thus, for the rat of Figure 3B (light), the outer they contained at least one-half of the total rhodopsin content. Either of these criteria was met in about one segments contained only 9% of the total G␣ t and 20% of the total G␤ t . The results presented in Figure 3 were of three retinas in which the analysis was attempted. Second, we determined the amounts of rhodopsin, G␣ t , obtained with anesthetized rats whose pupils were dilated, experimental conditions required to insure quantiand G␤ t present in the cytochrome-free sections as fractions of the total protein of each type present in all fication and reliability. We confirmed that the effect is not restricted to these conditions using untreated animals sections. Thus, in the data of Figure 3A , the cytochromefree sections contained 58% of the total rhodopsin, 53% exposed to daylight at the laboratory window (data not shown). of the total G␣ t , and 52% of the total G␤ t . Third, we derived the content of G␣ t and G␤ t in the entire rod outer We next determined whether the transducin redistribution reflects the movement from the outer segment segment by dividing their percentage in the cytochrome C free sections by the percentage of rhodopsin in the to other photoreceptor compartments or the degradation of the transducin in the outer segment combined same sections. So, for Figure 3A , the outer segment fraction of G␣ t was 53%/58% ϭ 0.91, or 91% of the total with its rapid resynthesis in the inner segment. Results of two experiments revealed that movement alone un-G␣ t present in rods; the outer segment fraction of G␤ t was 52%/58% ϭ 0.9. The G␣ t content of the outer segderlies the redistribution. In the first experiment, the total amount of both transducin subunits in solubilized whole ments of the three completely dark-adapted animals was 86% Ϯ 12% (mean Ϯ SD; range 72%-96%) of the retinas, measured by quantitative Western blotting, re- slower than their movement out of the outer segment. All data in the table were obtained from animals from which ERGs were measured; entries in columns 4 to 8 give the mean Ϯ SD. For each animal, ERGs were first measured in the dark and then after an exposure condition given in column 1; the a-waves were analyzed as in Figure  6 . Column 8 gives the fold reduction in the G␣ t content of the rod outer segments obtained by dividing the average value from three fully dark-adapted animals (see text) by the value for animals exposed to the illumination condition of the row. The number of measurements in column 8 is given in parentheses after the error statistic; in addition, the range of the data is shown in parentheses on the second line. (Since only about 1/3 of retinas initially prepared for serial sectioning had an adequate number of the cytochrome-C free rhodopsin-staining sections to perform this quantification, the number of animals listed in column 8 of any row is less than that given in column 3 of the same row; however, each animal whose results are tabulated in column 8 also provided ERG data included in the other columns of the row.) The exposure condition lasted 60-70 min for all conditions, except for 9 (of 11 total) rats exposed to 160 cd m Ϫ2 ; these 9 rats were exposed to the steady light for 40 min. This shortened duration exposure is responsible for the somewhat higher average fraction (0.58) of rhodopsin present in this group than might be expected from extrapolation of the data of animals exposed to lower intensities.
6C and 6D. A single constant, A (the "amplification consponse family. Analysis of these data showed that A declined only slightly ( Figures 6K and 6L ), again consisstant"), governs the family of fitted traces and characterizes the combined contributions to amplification of the tent with a small reduction in the rod outer segment transducin content (Table 1, Figure 7A gives the average reduction in the amplification constant, obwith a total of 29 rats at four different illumination intensities are summarized in Table 1. tained from the entire population of animals from which ERGs were collected, plotted as a function of the lumiTwo types of control experiments were performed to examine the possibility that the reduction in A was due nance of the exposure. Here, the amplification constant is expressed as a percentage of the value extracted to the lengthy exposure to anesthesia or to other aspects of the ERG protocol. In one set of control experiments, initially, when the animal was fully dark adapted; analysis predicts (see Experimental Procedures) this percentage the animal was kept in darkness but received exactly the same set of test stimuli delivered at approximately to be directly proportional to the percent of transducin present in the outer segment. Hence, for comparison, the same times as animals in the experiments exposed to steady illumination; Figures 6E-6H illustrates one of we have replotted from Figure 5A measurements of the G␣ t content of the outer segment layer, along with the these experiments. A slight decline in A was observed for these "dark controls" (Table 1 ); subsequent serial curve that was fitted to these data. The decrease in amplification occurs in the same intensity range as G␣ t cryosection analysis revealed that the transducin levels in the outer segment layer were also slightly reduced translocation, though there are discrepancies between the two sets of data at both ends of the light intensity (Table 1 , column 8), most likely in response to the intense flashes needed to determine the saturating a-wave amscale. These discrepancies can be understood in terms of differences in the experiments used to make the two plitude.
Another control experiment is illustrated in Figures kinds of measurements. At the lower end of the scale, the data point plotted at zero represents animals in the 6I-6L. In this case, after measurement of the ERG response family in darkness, the rat was exposed to 70 dark control condition ( Figure 6B ). Unlike dark-adapted rats used only for the cryosection analysis, the animals min of dim illumination (0.13 scotopic cd m
Ϫ2
) that suppressed about 50% of the rod circulating current. This in the ERG dark control group were exposed over the final 20 min of the experiment to three intense flashes, intensity level was selected so that the saturating a-wave amplitude during the exposure was approximately the each of which isomerized 0.5% of their rhodopsin, and some G␣ t movement was observed experimentally (Tasame as that measured during the recovery period of animals exposed to saturating levels of illumination ( Table 1 for symbol legend). Also presented in this double-log plot is a unity slope line, which represents the prediction that the amplification constant should scale in direct proportion to the transducin content of the rod outer segment (see Equation 5 in Experimental Procedures).
Discussion
The central result of the present investigation is that transducin undergoes a massive light-dependent redistribution in the rods of living animals. While consistent with the conclusion of previous immunohistochemical studies, the result now rests firmly on a novel experimental technique that combines serial tangential cryosectioning of flat-mounted retina with protein analysis in the section by Western blotting. It bears emphasis that the technique of serial tangential sectioning with Western blotting can be used for the quantification of the cellular and subcellular distribution of any protein in the of membrane, whereas the actual density is ‫000,2ف‬ G t molecules per m Ϫ2 (calculated from the G t : rhodopsin ratio of 1/12 in murine rods from Tsang et al. [1998] and repletion of the outer segment transducin level (cf . Figure 5) . a rhodopsin density of ‫000,52ف‬ molecules per m Ϫ2 .) The observed nearly linear dependence of the amplificaFurther evidence for the identification of transducin translocation as the mechanism underlying the change tion constant on G t ( Figure 7B ) thus follows as a consequence of the hypothesis that transducin activation in in amplification was obtained by correlating the reduction in amplification with the decrease in the outer segvivo follows a Michaelis dependence on G t concentration combined with the observation that this concentrament G␣ t content of individual rats. For example, for the rat of Figures 6A-6D , light caused a 6.1-fold reduction tion is always less than the K m . This conclusion is also consistent with our recent observation that the rate of in A and an 8.3-fold reduction in outer segment G␣ t content, whereas for the rat of Figure 6I- By reducing the gain of R* and its decay intermediates, transducin translocation will permit the rat rod to funcphotoresponse inactivation and recovery cause deviation of the response from its initial trajectory at much tion in the presence of steady light intensities significantly higher than otherwise possible. Thus, when amearlier times than previously thought (less than 100 ms for moderate intensity backgrounds at room temperaplification has been decreased by 5-fold, rods will be able to function electrically in the presence of 5-fold ture), making it essential to restrict analysis of R* gain to the earliest region of the rising phase of the response.
higher steady light intensities. A still further extension of the operating range will be contributed by the reduced Analysis of the fractional response at these very early times showed the initial rise of the response to be invariconcentration of rhodopsin. In many of our experiments, a-wave responses were measured from rods having ant with adaptational state for backgrounds suppressing up to 75% of the circulating current and applied 50% or more of their rhodopsin in the bleached state. Such "pigment depletion" will cause a proportionate for periods of several minutes. Thus, under these subsaturating illumination conditions, there was no evidence decrease in ability of rods to capture light. Thus, combining a 5-fold decrease in amplification with a 2-fold effect of significant reduction in the amplification constant. Our ERG a-wave data confirm this observation, showing of rhodopsin depletion, the laboratory conditions that produce the large-scale transducin translocation, causes an very little change in the amplification of the rat rod photoresponse during exposure to illumination suppressing overall 10-fold extension of the upper end of the intensity range in which rods can function without being driven up to 2/3 of the rod circulating current for a full hour (Figures 6I-6L ; Table 1 ). Similar results in experiments into saturation. The effect of transducin translocation, per se, appears limited to a 10-fold decrease since G␣ t utilizing ERG a-waves to measure the human rod photocurrent in the presence of subsaturating backgrounds loss from the outer segment does not exceed 90% at any light intensities ( Figure 5 ). This limitation might serve have been previously reported (Hood and Birch, 1993; Thomas and Lamb, 1999) .
to insure that the rod remains in saturation during its exposure to bright light and that some signaling capacity To the contrary, when rat rods are exposed in vivo to a strongly saturating background light that triggers is available as soon as the rod comes out of saturation. Could transducin translocation be an effective mechatransducin translocation, the amplification of the signaling cascade is subsequently reduced 5-fold or more nism of adaptation under natural conditions? The light intensities that cause transducin translocation are satu-( Figures 6C and 6D, Figure 7 , Table 1 ). Consistent with these observations, Kennedy et al. (2001) have recently rating for rods so that vision under such conditions is governed by cones. Nonetheless, the reduction of transreported a long-lasting decrease in amplification in mice recovering from a flash that bleached 20% of their rhoducin in rod outer segments will make it possible for rat rods to recover their ability to signal more rapidly after dopsin. The most parsimonious explanation of the decrease in amplification during recovery from exposure a strong light is extinguished or dimmed and, thus, to function in higher intensities than otherwise possible. to strongly saturating backgrounds is that loss of transducin from the outer segment decreases the rate at Given the diurnal cycle under which animals in the wild live, it can be speculated that a rodent might avail itself which each newly formed R* activates transducin. Thus, the experiments reported here reveal specific conditions of this expansion of the operating range of rod function after an episode when it is foraging with its cone vision under which R* gain reduction indeed takes place.
Transducin translocation to the inner segment apand returns to its burrow or, perhaps, as dusk approaches. We stress that the light intensities causing pears to underlie another somewhat surprising observation made in our study, the ability of rat rods to signal transducin movement are likely to be encountered in ordinary daylight. Using the same light meter employed electrically with a substantial fraction of their rhodopsin in the bleached state. Under the conditions of experito calibrate the intensities used in our experiments, we found that the walls in our laboratories, illuminated by ments, such as that of Figures 6A-6D , when steadystate rhodopsin bleaching has reached about 50%, it fluorescent lights, have luminances close to 1000 scotopic cd m Ϫ2 and that in external daylight, secondary takes rods less than 10 min after extinction of the steady 1 Ϫ a(t) a max ϭ F(t) antibody for G␤ t or control antibodies, followed by anti-mouse or
(1) anti-rabbit fluorescent Cy3-conjugated secondary antibodies (Jackson Immunochemicals).
Here, a(t) is the corneal-negative ERG a-wave; a max , the saturating amplitude; F(t), the fractional cGMP-activated current of the rods; Rhodopsin Measurements U, the flash intensity given in photoisomerizations rod Ϫ1 ; A, the Rhodopsin content in homogenized retinas was determined by difamplification constant; and t eff , a brief delay. For simplicity, we will ference spectroscopy before and after complete bleaching of the call the expression on the left hand side of Equation 1 the "normalsample using the molar extinction coefficient of 40,500. The degree ized a-wave" or "normalized amplitude," since it scales raw a-wave of rhodopsin bleaching in the retina was determined from the ratio traces so that they range between unity in the dark and zero after of rhodopsin concentrations in aliquots of homogenized retina besaturating stimulation. fore and after regeneration with 11-cis-retinal, as follows. A retina,
To fit the cascade model to rat a-waves, we used the modified dissected in iced PBS under infrared illumination from the excised version of Equation 1 which was developed by Smith and Lamb eye was osmotically shocked in 1 ml distilled water and vortexed (1997) and incorporated the membrane time constant fixed at 1.3 for 2 min. The suspension was then filtered through a 70 m nylon ms. With this modification, we fitted Equation 1 to a-wave families filter (Falcon) and the filtrate sonicated by ten 5 s pulses from a using the "ensemble fitting" method, varying t eff and A to obtain the Sonics VC130PB sonicator. Four 450 l aliquots were collected: best fit by eye to the a-wave family. For the 75 a-wave response 4.5 l of 2.2 mM 11-cis-retinal was added to two of the aliquots, families obtained from 36 rats and so fitted, t eff was invariably found sonication was repeated, and regeneration conducted for 40 min at to lie between 1 and 2 ms. 37ЊC. The rhodopsin concentration was then measured by difference In fitting Equation 1 to the a-waves, we took explicit account of spectroscopy after addition of 5 l 1 M hydroxylamine to each of the fact that under some of the conditions, substantial amounts of the four aliquots. rhodopsin was in the bleached form and, hence, unable to capture light and initiate transduction. Thus, after the last series of ERGs Electroretinographic Measurements was measured, each animal was rapidly sacrificed, and its eyes ERGs were recorded simultaneously from both eyes using published enucleated and put into iced PBS, a process that took less than 5 methods (Lyubarsky et al., 1999) . In brief, ERGs were recorded from min. One retina was used to determine the fractions of bleached anesthetized rats in a ganzfeld that also served as a Faraday cage, and unbleached rhodopsin, as described above; the second was with differential amplifiers having bandwidth 0.1 Hz to 1 KHz; analog used for the analysis of transducin distribution by cryosectioning records were sampled and digitized at 5 KHz and stored for subsewith Western blotting. The flash intensities were then adjusted for quent analysis. The corneal electrodes were platinum wires embedthe rhodopsin content; hence, if a flash was estimated to produce ded in small plastic armatures terminating in hemispherical contact U photoisomerizations rod Ϫ1 in a dark-adapted animal, the same lenses; electrical contact was made with Goniosol (CIBAVision Ophflash was taken to produce (1-B) ϫ U photoisomerizations rod Ϫ1 thalmics), which also served to protect the cornea. The reference when delivered to an animal that had a fraction B of its rhodopsin electrode was a tungsten needle inserted subcutaneously in the bleached at the time of the final a-wave measurements. forehead. Pupils were dilated with 1% Mydriacil (Alcon). Goniosol and Mydriacil were re-administered after approximately 1 hr. Pupil Prediction of the Relationship between the Amplification size was measured at the beginning and the end of the recording Constant and the Transducin Concentration periods and was found to be unchanged.
of the Rod Outer Segment
The relationship between the amplification constant, A, and the Flash Stimulation and Calibrations concentration of G t in the outer segment can be predicted as follows. The methods used for flash stimulation and calibration of flash stimFirst, A is expressible as the product of rate parameters from each uli have been given in detail in (Lyubarsky et al., 1999) . In brief, of the successive stages of the cascade contributing to its overall monochromatic (510 nm) flash stimuli were calibrated in terms of amplification (Lamb and Pugh, 1992): photons m Ϫ2 at the cornea and converted to estimated numbers of isomerizations per rod (U). Two flash series were used to produce A ϭ G c GE ␤ sub n cG , (2) ERG a-waves from which we estimated the amplification constant. Each series contained 31 flashes, incorporating 15 repetitions of where G is the rate with which an R* activates transducin, c GE is the coupling efficiency between activated transducin and phosphoeach of two flashes of different intensities that did not saturate the diesterase, ␤ sub is the rate constant of a single activated phosphodi
